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Watanabe, T.-H., Todo, Y., Horiuchi, R., 
Watanabe, K., Sato, T. 
The particle simulation method, which 
had been completed more than twenty years 
before[1l, has succeeded in studying nonlinear 
plasma wave phenomena with some kinetic ef-
fects. Applicability of the conventional particle 
simulation with explicit time integration is, how-
ever, restricted by the finite time step and grid 
spacing. The grid spacing should be comparable 
to the Debye length, and the time step should be 
less than w;1 so that the plasma oscillation can 
be reproduced. In order to study low-frequency 
phenomena with large spatial scale length such 
as drift waves, we have to overcome the numer-
ical limitation in the conventional particle sim-
ulation method. Implicit time integration tech-
niques, therefore, have been developed[l][2l. 
In one-dimensional electrostatic limit the 
' 
macro-scale (implicit) particle simulation algo-
rithm is summarized as follows[2l. 
xn+l = Xn + vnD,.t + ~1_D,.t2 En+a (1) 
2m 
vn+l = vn + .f_D,.tEn+a (2) 
m 
_ V2¢n+l = p(xn+l) (3) 
The charge density p( xn+l) is separated into two 
parts: p(xn+l) = p(xn+I) + 8p, where p(xn+l) is 
the charge density calculated from the particle 
position xn+l which is extrapolated from xn vn 
' ' and En. a is a time-decentering parameter such 
as En+a = aEn+l + (1- a)En (0.5 < a < 1). 
The key point of the implicit method, which de-
termines the accuracy of simulation results, is 
how the implicit term 8p is expressed in terms 
of xn+l and En+l. We have employed the Taylor 
expansion of p( xn+l) around xn+l in our newly 
developed simulation code; 
a q2 
8p ~ -V ·~"2m D,.t 2S(x- xi+ 1 ) 
l 
Here, i denotes the individual particles and S(x) 
is the weighting function. Substituting Eq.( 4) 
into Eq.(3), we obtain the implicit Poisson equa-
tion. The approximation of Eq.( 4) is sufficiently 
accurate, if 8pf p ~ 1. Actually, in an applica-
tion given bellow, numerical error due to Eq.( 4) 
was less than one per cent. 
In application of the electrostatic macro-scale 
simulation method to ion temperature gradient 
(ITG) driven instability, we have extended our 
code to two-dimensions. Particle motion in per-
pendicular to the magnetic field is given by the 
Ex B drift. The polarization effect is also in-
troduced in the implicit Poisson equation. The 
simulation system with shearless slab geometry 
is set in x - y plane where By = 0.01Bz and 
the ion temperature gradient is in x direction. 
The grid spacing in the present simulation is 
D,.x = D,.y = 125-n-/4 "An. We set the time step 
D,.t to be 103w;1 . Fig.1 shows the time evolu-
tion of the electric field energy. The ITG mode 
exponentially grows, then, the instability quasi-
linearlly saturates. The growth rate is in good 
agreement with the linear theory. It is com-
firmed in the present study that our newly devel-
oped code can correctly reproduce the very low 
frequency phenomena with large spatial scale 
length such as ITG modes. 
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Fig.1 Time evolution of the electric field energy. 
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